Adequate protein folding is necessary for normal cell function and a tightly regulated process that requires proper intracellular ionic strength. In many cell types, imbalance between protein synthesis and degradation can induce endoplasmic reticulum (ER) stress, which if sustained, can in turn lead to cell death. In nematodes, osmotic stress induces massive protein aggregation coupled with unfolded protein response and ER stress. In clinical practice, patients sustaining rapid correction of chronic hyponatremia are at risk of osmotic demyelination syndrome. The intense osmotic stress sustained by brain cells is believed to be the major risk factor for demyelination resulting from astrocyte death, which leads to microglial activation, blood-brain barrier opening, and later, myelin damage. Here, using a rat model of osmotic demyelination, we showed that rapid correction of chronic hyponatremia induces severe alterations in proteostasis characterized by diffuse protein aggregation and ubiquitination. Abrupt correction of hyponatremia resulted in vigorous activation of both the unfolded protein response and ER stress accompanied by increased autophagic activity and apoptosis. Immunofluorescence revealed that most of these processes occurred in astrocytes within regions previously shown to be demyelinated in later stages of this syndrome. These results identify osmotic stress as a potent protein aggregation stimuli in mammalian brain and further suggest that osmotic demyelination might be a consequence of proteostasis failure on severe osmotic stress.
autophagy and UPS activation in vitro. 9 Indeed, proteins require a proper ionic strength to maintain an adequate structure, 10 and macromolecular crowding is affected by the regulatory volume changes elicited by aniosmolarity. In mammals, renal and extrarenal mechanisms collaborate to maintain plasma osmolarity around 290-300 mosM/kg water. The brain is one of the most vulnerable organs to abrupt changes in plasma osmolarity, and it is affected by both hypotonicity and hypertonicity. Osmotic demyelination syndrome (ODS), however, represents a very unique pattern of pathologic brain reaction to osmotic imbalance. In this syndrome, which is caused by too abrupt correction of chronic hyponatremia, neither brain dehydration nor brain edema occur; instead, discrete and symmetrical areas of demyelination are seen within the brain a few days after correction of serum sodium is achieved. [11] [12] [13] [14] [15] It is now accepted that, during rapid correction of chronic hyponatremia, there is a massive astrocyte death [16] [17] [18] but that the intracellular mechanisms leading to astrocyte death and demyelination have not yet been fully characterized. Here, using a rat model of rapid correction of chronic hyponatremia, we wanted to investigate the effect of osmotic stress on proteostasis in mammalian brain and its potential relevance to osmotic demyelination.
RESULTS

Biochemical Parameters and Outcome of Animals before and after Rapid Correction of Hyponatremia
Severe hyponatremia was successfully induced in rats by administration of 1-deamino-8-D-arginine vasopressin (DDAVP; Minirin) and liquid diet in several groups of animals ( Figure 1 shows the experimental design). On correction of hyponatremia, serum sodium rapidly increased with an increment above the value previously associated with brain damage Figure 1 . Experimental design used for the study. In A, chronic hyponatremia (HypoNa) was induced and maintained for 4 days through subcutaneous continuous infusion of DDAVP delivered by osmotic minipump and liquid diet. Group 0 (uncorrected chronic HypoNa was used for controls animals for Western blot and IHC studies). (B) In group 1 (n=5), chronic HypoNa was rapidly corrected with a single intraperitoneal injection of hypertonic saline, and animals were euthanized 12 hours after the injection of hypertonic saline (which was 12 hours after the initiation of the correction). Animals from groups 0 and 1 were used to study the early effect of rapid correction of chronic HypoNa on brain proteostasis. (C) In group 2 (n=5), acute HypoNa of 18 hours in duration was induced, and animals were corrected with single intraperitoneal injection of hypertonic saline. Animals were euthanized 12 hours after the injection of hypertonic saline. Those animals were used to study the effect of acute correction of acute HypoNa on brain proteostasis. (D) In group 3 (n=5), chronic HypoNa was corrected with hypertonic NaCl as in group 1, and animals were euthanized 24 hours after NaCl injection. (E) In group 4 (n=5), chronic HypoNa was corrected with four intraperitoneal injections of urea, and animals were euthanized 24 hours after the first injection of urea. Groups 3 and 4 were used to study the differential effect of urea versus hypertonic saline treatment of chronic HypoNa on brain proteostasis. In addition (not shown), five rats from groups 3 and 4 and group 2 (with serum sodium measured before and at 24 hours after initiation correction of HypoNa) were studied up to 5 days after the initiation of HypoNa correction for late clinical and histologic outcomes. NaCl, sodium chloride. in this experiment model (Supplemental Figures 1 and 2 , Supplemental Table 1 ). Correction of chronic hyponatremia with hypertonic saline resulted in a high mortality in contrast to correction of acute hyponatremia with hypertonic saline or treatment of chronic hyponatremia with urea. Histologic analysis confirmed previously described astrocyte loss and demyelination in animals after rapid correction of chronic hyponatremia with hypertonic saline (Supplemental Figure  2 ) and the absence of demyelination or astrocyte loss after treatment of acute hyponatremia.
Rapid Correction of Chronic Hyponatremia Induces an
Increase in the Amount of Insoluble Proteins and Accumulation of Ubiquitin-Tagged Protein Aggregates Hypertonic stress increases the amount of insoluble proteins and induces protein aggregation in worms. 6 Because rapid treatment of hyponatremia proceeds by a brisk hypertonic stress, we wanted to know if the amount of insoluble proteins increased during rapid correction of hyponatremia in the brain. In treated animals, 12 hours after the correction of SNa had started, we found that the ratio of insoluble to soluble protein was almost doubled compared with controls ( Figure  2A ).
Using fluorescence imaging of aggregated protein, we determined that aggregated proteins in the brain of corrected animals appeared as small punctate perinuclear structures, which were absent or scarce in hyponatremic controls ( Figure  2 , B and C). Coimmunofluorescence of aggregated protein and markers for astrocytes, oligodendrocytes, and neurons (glutamine synthase [GS], olig2, and NeuN, respectively) showed no aggregates in oligodendrocytes. However, aggregate staining was present in few neurons and mostly, many cells surrounded by irregular and discontinuous bead, like GS staining (Supplemental Figure 3) .
Having shown that protein aggregates were more abundant after correction of chronic hyponatremia, we hypothesized that there would be an increase in protein ubiquitination as a first step to degradation through either UPS or autophagy, 19 which both proceed by ubiquitination of protein aggregates. We found that, in the insoluble extracts, more ubiquitinated Figure 2 . Rapid correction of chronic hyponatremia induces accumulation of tagged ubiquitin-insoluble aggregates in the rat brain. In A, the bar graph represents the ratio of RIPA-insoluble proteins to RIPA-soluble proteins, which is increased after rapid correction of chronic hyponatremia (P=0.02 by unpaired t test; n=5 for each group). B shows limited staining for insoluble aggregates (stained by proteostat marker in red; DAPI stains the nuclei in blue) in hyponatremic controls, whereas (C) 12 hours after the correction of chronic hyponatremia, insoluble protein aggregates accumulate around the nuclei. D is a representative image of Western blot for polyubiquitin-tagged protein (polyubiquitin antibody, clone FK2) and actin. (E) Quantification of the amount of insoluble proteins tagged with ubiquitin shows that there are more ubiquitinated insoluble proteins 12 hours after rapid correction of chronic hyponatremia started. ANOVA test followed by Bonferonni post-test; n=4-5 animals in each group. F is a representative image of polyubiquitintagged proteins (red) and nuclei (blue) in the brain of an animal 12 hours after rapid correction of chronic hyponatremia showing perinuclear inclusions of ubiquitin-tagged proteins. NormoNa, Normonatremia; HypoNa, Hyponatremia. *P,0.05 for normonatremia/ hyponatremia versus 12 hours after initiation of hyponatremia correction. Scale bar, 100 mm.
proteins were present in animals corrected with hypertonic saline compared with hyponatremic controls (P,0.05) (Figure 2, D and E) . Ubiquitinated proteins displayed a perinuclear staining, like aggregated proteins ( Figure 2F ).
Rapid Correction of Chronic Hyponatremia Induces Upregulation of ER Resident Chaperones and Upregulates ER Stress Markers
Overload of unfolded proteins in the ER is associated with an increase in the amount of ER resident chaperones and in some cases, triggers the so-called unfolded protein response (UPR) and ER stress response. 20 Because we observed an increase of protein aggregation and ubiquitination during early ODS, we wanted to assess the presence of UPR and ER stress in this model of osmotic stress in the brain. We analyzed the levels of ER stress chaperones GRP94, calreticulin, and protein disulfide isomerase (PDI) and the UPR sensor GRP78 (BiP), which correlates with the load of unfolded protein in the ER. We found that BiP and calreticulin were increased in the brains of animals treated with hypertonic saline as early as 12 hours after the treatment was initiated compared with hyponatremic controls (Figure 3, A and B) . We also found that there was an increase in the 94-kD band of KDEL, which recognizes the chaperone GRP94. PDI expression was also increased, although only modestly.
During UPR, protein BiP dissociates from ER membrane transducers PERK, IRE-a, and activating transcription factor 6 (ATF6). This leads to the activation of PERK, causing phosphorylation of eukaryotic translation initiation factor 2a (eIF2a). On BiP dissociation, transphosphorylation of IREa will activate its exonuclease activity and generate the spliced form of X-box-binding protein, and finally, ATF6 will migrate to the Golgi and undergo cleavage into a p50 active fragment. The phosphorylation of the eIF2a leads to decrease protein synthesis, whereas IRE-a and ATF6 upregulation will increase the transcription of several ER stress effectors, such as activating transcription factor 4 (ATF4) and C/EBP homologous protein also know as DDIT3 (CHOP). 21 Additionally, recent reports have suggested that, in astrocytes, a CREB/ATF4 family member similar to ATF6 called old astrocyte specifically semiquantitative densitometric analysis of Western blot for ER stress and ERAD-related proteins from brain extract of animals in chronic hyponatremia and 12 hours after the correction of chronic hyponatremia. As shown by B, protein levels of KDEL (GRP94 and GRP78), BiP (GRP78), and calreticulin (Calr) significantly increased 12 hours after the correction of chronic hyponatremia. P=0.20 for PDI in B. C and D show (C) images of Western blot and (D) densitometric quantification for OASIS, ATF6, peIF2a, XBP1 spliced (XBP1s), and unspliced (XBP1u) in the brains of chronic hyponatremic control animals compared with chronic hyponatremic animals treated with hypertonic saline 12 hours after the beginning of the treatment. E shows representative images of Western blot of brain homogenates for ER stress effectors of cell death (CHOP, GADD34, and ATF4) in uncorrected hyponatremia controls and 12 hours after rapid correction of chronic hyponatremia. Quantification of protein expression is depicted in F, showing significant increase in the expressions of CHOP, GADD34, and ATF4 on correction of chronic hyponatremia. *P,0.05 for CHOP; **P,0.01 for GADD34 and ATF4. G shows an image of the hippocampus of an uncorrected hyponatremia control animal stained with DNA damage marker ɣH2AX in green; only background and intravascular staining is present, in contrast to D, which shows strong cellular staining in the hippocampus of an animal 12 hours after treatment with hypertonic saline was initiated. b-actin (b-Act) was used as loading control. GADD34, growth arrest and DNA damage protein 34; XBP1, X-box-binding protein. *P,0.05 by unpaired t test (n=4-5 in each group); **P,0.01 by unpaired t test (n=4-5 in each group). Scale bar, 200 mm.
induced substance is another ER transluminal protein that can be activated during ER stress. 22 We examined the amounts of phosphorylated eIF2a, p50 cleavage product of ATF6, cleaved OASIS, and spliced X-box-binding protein in corrected animals compared with controls and found that all of these proteins were more abundant in the brain of treated animals than in hyponatremic controls ( Figure 3 , C and D). This shows that, during ODS, the three different pathways of ER stress are activated.
Rapid Correction of Chronic Hyponatremia Induces
Astrocytic DNA Damage and Cycle Arrest and Alters the Apoptotic Balance ER stress acts as a normal physiologic phenomenon to maintain normal proteostasis. However, excessive ER stress has been linked to cell death. 23 One of the mechanisms linking sustained ER stress to cell death involves the activation of the ER stress-induced cell death mediators ATF4, CHOP, and growth arrest and DNA damage protein 34. 24, 25 We, therefore, sought to determine if the activation of UPR and ER stress was accompanied by the induction of these molecules. We found that CHOP, ATF4, and growth arrest and DNA damage protein 34 protein were strongly upregulated 12 hours after the rapid correction of chronic hyponatremia started ( Figure 3 , E and F). Next, we looked at the expression of the G2M arrest marker phospho-H2AX (ɣH2AX), a cell death marker known to be induced in response to DNA damage in various circumstances, including excessive ER stress. 26, 27 The brains of animals that sustained brisk increase of their serum sodium displayed a robust staining for ɣH2AX, whereas no staining was observed in uncorrected controls ( Figure 3G ). Moreover, there was a colocalization between CHOP and ɣH2AX, ɣH2AX and peIF2a, and finally, CHOP and eIF2a (Figure 4, A-I ). This suggests that, first, ER stress is excessive and irreversible after the osmotic stress and second, cells displaying signs of DNA damage are precisely those suffering from ER stress. To gain more insight into the involvement of ER stressinduced cell death in ODS, we looked at the distribution of peIF2a, CHOP, and ɣH2AX within the brain of ODS animals. In the murine model of ODS, brain demyelination is accompanied by early astrocyte death in the region in which myelin damage will occur. 16, 17 In human ODS, astrocyte damage is also an important histopathologic finding. 28, 29 We postulated that, if the astrocyte loss heralding demyelination was related to ER stress, then ER stress markers and ER stress-mediated cell death markers would be restricted to demyelination-prone regions, with preferential expression in astrocytes. We, therefore, performed colocalization studies with CHOP, peIF2a, ɣH2AX, and specific brain cell markers. We found that CHOP-, peIF2a-, and ɣH2AX-positive signals were restricted to cell-expressing glial fibrillary acidic protein or GS, which are known markers of astrocytes (Figure 4 , J-L). Positive staining was limited to regions previously described as vulnerable to demyelination ( Figure 5 ), and no CHOP, prIF2a, and ɣH2AX were found in neurons or oligodendrocytes (Supplemental Figures 4-6 ). These results suggest that cell cycle arrest, DNA break, and ER stress-related cell death are induced in astrocytes from demyelination-prone regions after rapid correction of chronic hyponatremia.
Finally, ER stress and UPR have been shown to modulate the apoptotic balance by altering expression of pro-and antiapoptotic proteins. 24, 30 We looked at the expressions of antiapoptotic proteins BCL-2 and BCL-XL and their proapoptotic counterparts BAX and BIM. Compared with controls, we observed a significant upregulation of BIM and BAX, whereas BCL-2 and BCL-XL were downregulated 12 hours after hyponatremia correction ( Figure 6, A and B) . Apoptosis was confirmed by the analysis of the nucleus morphology and APOPTAG staining ( Figure 6 , C-J).
Increased Autophagy Is Observed after Rapid Correction of Chronic Hyponatremia
Along with the UPS, macroautophagy can alleviate the toxic effects of protein aggregation in the central nervous system. 31 To know if autophagy, which is involved in astrocyte response to hypertonic stress, could play a role in the astrocyte demise that results from the rapid correction of chronic hyponatremia, we looked at the expression of known autophagy markers Figure 5 . UPR/ER stress and DNA damage markers are expressed preferentially in demyelination-prone regions after rapid correction of chronic hyponatremia. Representative microphotographs of the brains of animals 12 hours after correction of hyponatremia is started after staining with (A and E) GFAP (astrocytes) and (B) peIF2a or (F) ɣH2AX. B and F illustrate the regional pattern of expression of peIF2a and ɣH2AX, which is limited to the subcortical regions (delineated with lines). Additionally, the merged image of GFAP and peIF2a staining in C shows that ER stress marker peIF2a staining is limited to regions with reduced GFAP staining. (G) In the merged image of GFAP staining in red and ɣH2AX, costaining confirms that DNA damage marker ɣH2AX is strongly expressed only in subcortical regions with reduced GFAP staining. Expression of CHOP was analyzed by IHC in D, revealing that CHOP expression is limited to the subcortical region as well (dashed lines). Arrows in A and E point to the pia mater. GFAP, glial fibrillary acidic protein. Scale bar, 100 mm.
p62, LC3B, and ATG5-ATG12 conjugates. Compared with hyponatremic animals, we found a significant increase in all of these proteins in the brains of animals treated with hypertonic saline (Figure 7) . Immunohistochemistry (IHC) revealed that p62 appeared as punctate perinuclear aggregates (Supplemental Figure 7A) . Autophagic cell death in astrocytes is accompanied by specific morphologic cell changes known as clasmatodendrosis, which includes beading of astrocyte processes and vacuolization of the cytoplasm. We confirmed that those morphologic alterations were present in the brains of animals that sustained rapid correction of chronic hyponatremia and restricted to demyelination-prone regions (Supplemental Figure 7B ).
Compared with Hypertonic Saline, Correction of Chronic Hyponatremia with Urea Decreases the Amount of Ubiquitinated Proteins and Reduces UPR and ER Stress Markers
The cellular response to hypertonic stress caused by urea is notably different from hypertonic saline, 32 and correction of chronic hyponatremia with urea can alleviate neuropathologic manifestations of ODS. [33] [34] [35] Therefore, we wanted to investigate the effect of correction of hyponatremia with urea as opposed to hypertonic saline with regards to the proteostasis machinery in the murine brain. Correction of chronic hyponatremia with urea resulted in significantly less protein ubiquitination than after treatment with hypertonic saline Figure 6 . Rapid correction of chronic hyponatremia induces apoptosis. In A, Western blot images of pro-and antiapoptotic proteins before and 12 hours after the correction of chronic hyponatremia show that there is a significant increase in proapoptotic proteins (BAX and BIM) in treated animals along with a decrease in antiapoptotic proteins BCL-XL and BCL-2 (quantification shown in B; n=4-5 in each group of animals). *P,0.05 by unpaired t test. In C and F, in situ oligonucleotide ligation assay (Apoptag) staining (which marks apoptotic nuclei; red) and nuclear counterstaining (blue) were performed in the hippocampus of control animals, showing no nuclear condensation and no apoptotic nuclei (no positive staining for Apoptag). In contrast, as shown in E and G, positive Apoptag staining showing cells undergoing apoptosis is seen 12 hours after correction of chronic hyponatremia. In H, higher-magnification images show typical nuclear condensation (small white arrow) seen in apoptotic cells (nonapoptotic nuclei show dispersed chromatin [ 
Correction of Acute Hyponatremia Does Not Induce UPR and ER Stress Markers
Brain depletion of organic osmolytes that occurs as hyponatremia becomes chronic plays a significant role in the vulnerability of the brain to osmotic demyelination. 36 We investigated the effect of rapid correction of acute hyponatremia on ER stress and UPR markers and its relation with clinical and histologic outcome. We confirmed that rapid correction of acute hyponatremia carries a significantly lower mortality than when hyponatremia is chronic. This translated into the absence of astrocyte loss and the absence of demyelination 12 hours and 5 days, respectively, after the correction was achieved (Supplemental Figure  2) . We also found no difference in the insoluble versus soluble proteins ratio, no difference in the expression of cardinal markers of UPR and ER stress (OASIS, BiP, eIF2a, and CHOP), and no signs of autophagic cell death or DNA damage between these animals and chronically hyponatremic animals (Supplemental Figure 9) . Collectively, these results suggest that rapid correction of acute hyponatremia, which does not induce demyelination, is not accompanied by astrocyte damage, an increase in insoluble protein aggregation, or UPR/ER stress.
DISCUSSION
Cells constantly maintain a tight balance between protein synthesis and folding on one side and protein degradation on the other side. This balance is challenged by several insults that might lead to the development of diseases. Osmotic stress, which induces widespread deleterious protein aggregation, UPR, ER stress, and autophagy, is now recognized as a potent disruptor of proteostasis. 6, 7, 9, 37 The potential implications of proteostasis alterations induced by osmotic stress are not yet determined. In the experiments reported here, we used a model of rapid correction of chronic hyponatremia, which leads to myelin loss in the central nervous system, to show that abrupt correction of chronic hyponatremia at similar magnitude as that encountered in human ODS results in dramatic changes of numerous proteostasis mechanisms in mammalian brain and that these alterations are directly linked to development of ODS. We show that, on osmotic stress that results from rapid correction of chronic hyponatremia, astrocytes accumulate a huge load of insoluble proteins in forms of perinuclear aggregates, exhibit markers of UPR and ER stress response, and display an increased autophagy flux along with signs of widespread DNA damage. DNA damage markers and ER stress-induced cell death markers both colocalized in astrocytes, and the regional distribution of all of these markers suggests that ER stress, autophagy, and cell death specifically occur in astrocyte-vulnerable regions, which have also been shown to be the demyelination-prone regions. We and others have recently shown that astrocyte death was a key pathologic feature in the genesis of the demyelination on rapid correction of chronic hyponatremia, 16, 17 and these new results shed light into the pathophysiologic processes leading to astrocyte death provoked by osmotic stress.
An important limitation of this study is in the fact that we did not provide evidences of a direct causal relationship linking astrocyte loss and demyelination to dysregulated proteostasis. Figure 7 . Rapid correction of chronic hyponatremia induces alteration in key autophagy proteins. A shows Western blot images of autophagy-related proteins in the brain of chronic hyponatremic rats (controls) and animals 12 hours after starting correction of chronic hyponatremia. Densitometric quantification depicted in B reveals that there is an increase in the autophagic flux as evidenced by higher protein levels of p62, ATG5-ATG12 conjugates, and LC3BII band; n=4-5 in each group of animals. *P,0.05 by unpaired t test; **P,0.01 by unpaired t test.
Indeed, another interpretation of these results is that dysregulated proteostasis might occur during the process of astrocyte death but with no mechanistic relationship between the two events. To unequivocally dissect the role of altered proteostasis in ODS, it will be necessary to investigate the effect of specific drugs that can modulate the protein aggregation machinery in ODS, such as anisomycin, or autophagy modulators, like rapamycin and sirolimus. It is, however, interesting to note that the changes elicited by correction of chronic hyponatremia were not found after acute hyponatremia was corrected. It is possible that, during acute hyponatremia, the brain, which is not yet depleted from protective organic osmolytes, retains all of its adaptative capabilities to face acute osmotic changes.
Another finding of this study that is worth a comment is that urea treatment could mitigate many alterations in proteostasis in astrocytes. Azotemic animals are virtually protected from osmotic demyelination after rapid correction of chronic hyponatremia, 34 and rapid correction of hyponatremia in animals Figure 8 . Compared with hypertonic saline, rapid correction of chronic hyponatremia with urea partially abrogates alterations in proteostasis. A and B show Western blot images and densitometric quantification for ubiquitinated proteins (poly-Ubiquitin antibody, clone FK2) in the brains of rats with uncorrected chronic hyponatremia (Ctrl), animals corrected with hypertonic saline (NaCl), and animals corrected with urea, respectively. Animals corrected with urea had fewer ubiquitinated proteins compared with animals corrected with hypertonic saline. In C and D, Western blot and quantification of protein expression for ER chaperones BiP (GRP78), PDI and calreticulin (Calr) show that, compared with animals corrected with hypertonic saline, correction of chronic hyponatremia with urea results in a decreased expression of ER stress chaperones. In E and F, protein expression of ER stress proteins ATF6, OASIS, peIF2a, and XBP1 after correction of chronic hyponatremia with hypertonic saline or urea shows that correction with urea significantly decreases the expression of markers of three branches of the UPR/ER stress. In G and H, autophagic protein p62 and LC3II expressions are significantly decreased in animals treated with urea compared with hypertonic saline. (I) IHC for p62 shows that p62 staining appears as punctate perinuclear aggregates in animals corrected with hypertonic saline, whereas (J) fewer aggregates are seen after correction with urea. In K and L, pH2AX expression was analyzed by IHC in animals treated with urea and hypertonic saline, and no expression of pH2Ax was seen in urea-treated animals compared with animals treated with hypertonic saline that display a vigorous pH2Ax staining. In M urea treatment results in a nonsignificant decrease in protein expression of proapoptotic BAX but a significant increased expression of antiapoptotic BCL-2 and BCL-XL. For Western blot quantification, n=4-5 in each group of animals. NaCl, sodium chloride; XBP1, X-box-binding protein. *P,0.05 by unpaired t test; **P,0.01 by unpaired t test.
with urea results in less demyelination and only minimal astrocyte loss. 34 Hyperosmotic stress caused by urea as opposed to hypertonic saline does not increase protein aggregation in worms. Here, we found that urea treatment, compared with hypertonic saline, significantly reduced UPR/ER stress markers, downregulated autophagy markers, and turned the apoptotic protein balance into a prosurvival profile. A significant shortcoming of this study on this regard is the fact that, although the final increment of serum sodium at 24 hours was similar in both groups, we have previously shown that animals corrected with hypertonic saline having a quicker rate of correction of serum sodium than urea. It is, therefore, possible that the protective effect of urea on proteostasis and the outcome are, in part, related to the slower rate of correction of serum sodium.
A few differences between the model used in this study and the previous studies addressing proteostasis imbalance in osmotic stress are worth mentioning. First, we used a wholeorgan model in a mammalian species (i.e., rat CNS), whereas previous studies were done in cell lines or worms. Second, the magnitude of the osmotic challenge that we used in these experiments is at least two-to threefold lower than the osmotic shock used in previous studies, 7, 9 and such level of osmotic stress is far above the recommended increment of serum sodium during hyponatremia. Evidently, studies using autopsy material from patients with ODS are needed to confirm the alterations in proteostasis that we found in our rat model.
In summary, our findings not only identify osmotic stress as a regulator of proteostasis in mammalian brain but also, further clarify the earliest events leading to astrocyte death and osmotic demyelination on rapid correction of chronic hyponatremia.
CONCISE METHODS
Antibodies and Reagents
Antibodies for IHC and Western blot are listed in Supplemental Table  1 . DDAVP was purchased from Ferring (Alost, Belgium), and urea was purchased from the hospital pharmacy of Hopital Erasme (Free University of Brussels, Brussels, Belgium).
Animals, Induction, and Correction of Hyponatremia
Male Sprague-Dawley rats (purchased from Charles River Laboratory) weighing approximately 250-300 g were used for all experiments. Acute hyponatremia was induced by water gavage at 10 ml/100 g body wt given twice 6 hours apart and concomitant liquid diet (AIN 76 purchased from SAFE DIETS, Aubry, France) along with infusion of DDAVP through a osmotic minipump (Model 2001; Alzet). Chronic hyponatremia was induced as previously described with continuous release of DDAVP through a subcutaneous osmotic minipump and maintained for 4 days. Filled minipumps were primed by letting them soak in normosaline for 48 hours to ensure a steady delivery rate right after their insertion. Hyponatremia was corrected with hypertonic saline (2 M sodium chloride) injected intraperitoneally (1 ml/100 g body wt) or urea given by four intraperitoneal injections 6 hours apart at the dose of 0.6 ml/100 g body wt according to the experimental design as described below.
Experimental Design
To study the early effects of rapid correction of chronic hyponatremia, two groups of animals were compared: group 0 included uncorrected hyponatremic animals, and group 1 included animals with chronic hyponatremia, which was corrected with hypertonic saline, that were euthanized 12 hours after the initiation of hyponatremia correction (i.e., 12 hours after the injection of hypertonic saline).
To compare the changes elicited between rapid correction of chronic hyponatremia with urea and hypertonic saline, two groups of animals were used: group 3, in which hyponatremia was induced and corrected with hypertonic saline, and group 4, in which chronic hyponatremia was corrected with urea. Animals in groups 3 and 4 were euthanized 24 hours after the initiation of the correction (24 hours after the first dose of urea or the single dose of hypertonic saline). The time of 24 hours was chosen, because the expected large increment of serum sodium when using urea in our model occurs after 18-24 hours. To compare the study effects of rapid correction of acute hyponatremia, we used animals from group 2, which consisted of acutely hyponatremic animals that underwent rapid treatment with hypertonic saline and were euthanized 24 hours after the initiation of the correction. They were compared with uncorrected chronic hyponatremic controls (group 0). For proteomic studies, all groups of animals consisted of five individuals.
Finally, we performed survival analysis and studied demyelination by analyzing an additional series of five animals each: acute hyponatremia corrected with hypertonic saline, chronic hyponatremia corrected with hypertonic saline, and chronic hyponatremia corrected with urea. All of these animals were studied for up to 5 days after the initiation of rapid correction of hyponatremia. The serum sodium was obtained before and 24 hours after the correction of hyponatremia started.
Serum Electrolytes Analyses
Blood was collected by tail venipuncture at different time points according to the group allocation under light anesthesia. Serum sodium and urea were analyzed through the COBAS Automated System.
At the time of euthanasia, animal brains were dissected, and both hemispheres were collected, flash frozen in liquid nitrogen or fixed with formaldehyde, and stored adequately for downstream applications.
Protein Extraction
Soluble and insoluble brain protein extracts were obtained using the following procedure. 37 Approximately 0.250 mg frozen brain for each rat was homogenized in 1 ml RIPA buffer supplemented with protease and phosphatase inhibitor (Complete Kit; Roche); 500 ml homogenate was centrifuged at 15,0003g for 30 minutes, and the supernatant was collected as the initial soluble fraction. The pellet was washed twice with RIPA and centrifuged again, and the resulting supernatant was mixed with the previous supernatant to form the RIPA-soluble fraction S1. The final pellet was mixed with 250 ml solubilization buffer (50 mM Tris and 2% SDS), sonicated, and J Am Soc Nephrol 28: 1802-1813, 2017
Too Salty for Brain Proteins agitated at 4°C for 1 hour; then, it was centrifuged at 15,0003g for 30 minutes, and the resulting supernatant containing RIPA-insoluble protein was collected as S2. The protein concentrations of S1 and S2 fractions were assayed after appropriate dilution with the BCA Protein Kit (Pierce), and the fraction of insoluble proteins over soluble proteins (S2/S1) was calculated and normalized to the amount of raw rat brain used for the entire extraction procedure. Aliquots from both soluble and insoluble fractions were stored at 280°C until further use. Because protein aggregation and autophagy proceed by mechanisms involving accumulation of LC3II, p62, ubiquitin, and ATG5-ATG12 in insoluble aggregates and vesicles, we used the insoluble proteins fraction for Western blots procedures involving these proteins. Soluble protein fractions were used for all of the other procedures.
Semiquantitative Western Blot
In total, 10-100 mg protein was loaded into precast gel of different percentages (Trupage Gel; Sigma-Aldrich, Diegem, Belgium) and after electrophoresis, transferred into PVDF or nitrocellulose membrane, which was blocked with 10% (wt/vol) nonfat dry milk or 5% BSA (wt/vol) for 2 hours at room temperature. The membranes were incubated with primary antibody overnight, and after sequential washing, secondary antibody incubation was performed followed by washing and re-evaluation using the ECL technique with ECL Sirius Reagent or Clarity ECL (Bio-Rad Laboratories, Gent, Belgium). Membranes were sequentially stripped and reproped by actin antibody for loading control analysis. Pictures were taken using the Fusion Solo Imaging Apparatus (Vilbert Lourmat, Collegien, France).
The density of each band was calculated with GelQaunt software and divided by the corresponding density of b-actin, which was used as loading/migration and transfer control. The mean density of control was obtained, and the ratio of fold change was calculated by dividing the density of each band by the mean density of control. Western blot experiments were carried out with at least four different biologic replicates (brain proteins homogenates from at least four animals) and repeated at least twice to ensure reproducibility.
IHC and Immunofluorescence and Fluorescent Histochemistry
The IHC procedure was performed on a paraffin-embedded, paraformaldehyde-fixed section of rat brain as previously described using citrate (pH 6) or the TriszEDTA (pH 9) antigen retrieval procedure when appropriate. Antibody information and dilution titer and staining reagents used are listed in Supplemental Table 2 . Double-staining indirect immunofluorescence was performed as described previously using appropriate secondary fluorescent secondary antibody with the tyramide amplification procedure if deemed necessary.
Fluorescent Chemistry Detection of Protein Aggregates
Protein aggregates were detected on paraformaldehyde-fixed and paraffin-embedded slides using the Proteostat Amyloid Detection Kit according to the manufacturer's instructions. When performing double staining with proteostat and another cell marker, immunofluorescence for the cellular antigen was performed first, and after addition of the fluorochrome, slides were washed and incubated for 10 minutes with paraformaldehyde followed by proteostat dye.
Apoptosis Staining by In Situ Ligation Assay
In situ ligation assay for detection of apoptosis was performed by the animal ethic and welfare committee of the Faculty of Medicine, Université Libre de Bruxelles, using the commercially available Apoptag Kit from EMD Millipore (Merck-Millipore) and fluorochrome-linked streptavidin.
